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Solar  thermoelectric  co-generators  (STECGs)  are  an  attractive  means  of  supplying  electric  power  and  heat 
simultaneously  and  economically.  Here  we  examine  the  effects  of  environmental  factors  on  the  conver¬ 
sion  efficiencies  of  a  new  type  of  STECG  comprising  parabolic  trough  concentrators  and  thermoelectric 
modules  (TEMs).  Each  TEM  array  was  bonded  with  a  solar  selective  absorber  plate  and  directly  positioned 
on  the  focal  axis  of  the  parabolic  concentrator.  Glass  tubular  collectors  were  not  used  to  encase  the  TEMs. 
Although  this  makes  the  overall  system  simpler,  the  environmental  effects  become  significant. 
Simulations  show  that  the  performance  of  such  a  system  strongly  depends  on  ambient  conditions  such 
as  solar  insolation,  atmospheric  temperature  and  wind  velocity.  As  each  of  these  factors  increases,  the 
thermal  losses  of  the  STECG  system  also  increase,  resulting  in  reduced  solar  conversion  efficiency,  despite 
the  increased  radiation  absorption.  However,  the  impact  of  these  factors  is  relatively  complicated. 
Although  the  electrical  efficiency  of  the  system  increases  with  increasing  solar  insolation,  it  decreases 
with  increasing  ambient  temperature  and  wind  velocity.  These  results  serve  as  a  useful  guide  to  the  selec¬ 
tion  and  installation  of  STECGs,  particularly  in  Guangzhou  or  similar  climate  region. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Solar  thermoelectric  co-generators  (STECGs)  are  an  attractive 
technology  for  both  electric  and  thermal  power  generation  because 
they  reduce  relying  on  fossil  fuels,  particularly  in  developing  econ¬ 
omies,  and  have  low  manufacturing  and  installation  costs.  Recent 
attention  on  solar  power  technology  reflects  the  many  advantages 
of  utilizing  a  renewable  and  sustainable  energy  sources,  namely 
sunlight.  As  the  vastest  and  most  widely  distributed  source  of 
energy  accessible  from  Earth,  a  large  number  of  technology  can 
be  exploited  to  utilize  solar  energy,  for  example,  solar  water  heat¬ 
ing  system  [1,2],  A  variety  of  photovoltaic  (PV)  technology  [3,4], 
solar  thermal  power  generation  (STPG)  [5,6],  solar  drying  system 
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[7,8],  and  a  wide  array  of  passive  and  active  solar  architectures 
[9,10],  making  its  utilization  a  high  priority  for  developing  and 
advanced  economies  alike. 

In  order  to  achieve  sufficiently  large  temperature  differentials 
to  facilitate  thermoelectric  conversion,  solar  radiation  must  be 
concentrated.  Among  all  the  solar  power  concentrating  technolo¬ 
gies  available,  parabolic  trough  technology  has  been  the  longest 
on  the  market  [2,11-15].  In  contrast  to  other  technologies,  such 
as  solar  towers,  dish-Stirling  systems,  and  Fresnel  lens  systems, 
parabolic  trough  technology  is  already  developed  for  large-scale 
commercial  base  use,  and  thus  represents  one  of  the  most  mature 
technologies  for  concentrating  solar  irradiation.  This  technology 
makes  essentially  use  of  parabolic  mirrors,  lined  up  in  rows,  to  con¬ 
centrate  solar  irradiation  up  to  80  times  at  the  absorber  receiver;  in 
theory  it  is  possible  to  obtain  a  concentration  ratio  greater  than 
100  [2,14].  Parabolic  trough  collectors  only  having  a  single  axis, 
are  equipped  with  a  solar  sun  tracking  system  to  ensure  that  the 
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Nomenclature 

Qsolar 

total  solar  thermal  energy 

hr,p-tro 

radiation  heat  exchange  factor  between  the  SSA  and 

Qtherm 

utilizing  solar  thermal  energy 

collecting  mirror 

Qloss 

energy  loss 

Vyvind 

wind  velocity 

Qu 

energy  utilized  cold  tank 

Th 

temperature  of  TEM’s  hot  side, 

I 

solar  radiation  intensity 

Tc 

temperature  of  TEM’s  cold  side 

A  trough 

open  area  of  the  collecting  mirror 

TP 

temperature  of  SSA 

Ap 

area  of  the  SSA 

Ttro 

temperature  of  collecting  mirror 

Aai 

area  of  A1  plate  side 

Tai 

A1  alloy  plate  side  temperature 

d 

width  of  the  SSA 

Ta 

environmental  temperature 

L 

length  of  the  SSA 

R 

total  thermal  resistance 

dAi 

A1  plate  side  thin 

Rai 

thermal  resistance  of  an  A1  plate 

c 

concentration  ratio 

RTe 

thermal  resistance  of  the  TEM 

fref 

reflection  factor  of  the  PTC 

Rf 

thermal  resistance  of  the  cold  tank 

0CT 

solar  absorbance  of  the  SSA 

Re 

internal  resistance  of  TEM 

G 

Stefan-Boltzmann  constant 

I< 

thermal  conductivity 

Oe 

effective  emissivity 

Ic 

current 

&T 

emissivity  of  SSA 

ijsolar 

efficiency  of  utilizing  solar  thermal  energy 

i'm 

emissivity  of  mirror 

rjTE 

conversion  efficiency  of  TEM 

&AI 

A1  emissivity 

dele 

electrical  efficiency  of  the  STECG 

hw 

convective  heat  exchange  factor 

hr,Al-a 

radiation  heat  exchange  factor  between  the  A1  plate  side 
and  environment 

sunlight  is  continuously  and  mostly  absorbed  on  the  linear  receiver 
installed  along  the  focal  axis  of  the  parabolic  trough  mirror. 

Generating  electricity  of  thermoelectric  (TE)  module  is  based  on 
a  thermal  gradient  of  two  elements  comprising  different  materials 
respectively  (metal  alloy  or  semiconductor),  in  which  heat  energy 
immediately  converts  into  electricity  by  the  difference  of  charge 
carriers  velocity,  namely  the  Seebeck  effect  [16].  It  thus  has  a  num¬ 
ber  of  advantages  over  PV  and  STPG  technology  in  terms  of  solar 
energy  utilization,  including  its  simple  structure,  lack  of  moving 
parts,  silent  operation,  and  good  thermal  stability.  Environmentally 
harmless  materials  with  high  Seebeck  coefficients  are  also  being 
actively  developed  toward  to  lower  costs  devices. 

The  first  solar  thermoelectric  co-generator  (STECG)  was  con¬ 
structed  in  1954  by  Telkes  [17]  comprising  a  flat-plate  glazed  col¬ 
lector  and  a  thermoelectric  module.  Since  then,  this  type  of  system 
has  been  developed  on-and-off  for  over  half  a  century.  The  signif¬ 
icant  improvements  in  the  figure-of-merit  of  recently  developed 
thermoelectric  materials  with  low-dimensional  structures,  partic¬ 
ularly  those  incorporating  novel  nanostructure  [18-21  ],  has  helped 
to  reignite  interest  in  STECGs.  Although  most  thermoelectric  mod¬ 
ules  (TEMs)  are  used  in  waste  heat  recovery  and  hybrid  devices 
[22,23],  Kraemer’s  demonstration  of  a  flat-panel  STECG  utilizing 
high-performance  nanostructured  TE  materials  with  the  highest 
efficiency  of  4.6%  under  1000  W/m-2  of  solar  insolation  [24]  repre¬ 
sents  a  significant  advance  in  STECG  technology. 

Parabolic  trough  concentrators  (PTC)  provide  a  possible  way  for 
scaling  up  production  of  STECGs.  In  an  earlier  study  we  confirmed 
the  feasibility  of  using  a  STECG  system  consisting  of  TEMs  in  sealed 
glass  tubular  collectors  which  is  fixed  on  a  focal  axis  of  PTC  [25]. 
From  the  point  of  view  of  cost,  ease-of-operation  and  system  sim¬ 
plicity,  our  pilot  set-up,  with  the  rectangular  aperture  oriented  in 
an  east-west  direction  with  one-axis  tracking,  was  found  to  be 
highly  practical  with  good  performance.  The  TEM  arrays  were 
bonded  to  the  solar  selective  absorber  plate  set  directly  on  the  focal 
axis  of  the  parabolic  concentrator.  To  lower  the  costs  further,  in 
this  study  we  removed  the  evacuated  tube,  resulting  in  placing 
the  selective  absorber  plate  (SSA),  and  TEMs  sandwiched  by  SSA 
and  heat  sink  to  keep  direct  contact  with  the  surrounding  environ¬ 
ment.  Although  the  overall  system  is  much  simpler,  environmental 


factors  were  found  to  affect  the  efficiencies  and  outputs  signifi¬ 
cantly.  Here  we  present  a  simulation  model  for  predicting  the  effi¬ 
ciency  of  STECGs  under  environmental  conditions  typically 
encountered  in  subtropical  climates,  specifically  solar  insolation, 
temperature  and  wind  velocity  ranges,  involving  heat  transfer  the¬ 
ory  and  energy  conversation  equations  [26,27].  The  calculation 
method  used  is  suitable  not  only  for  PTC-type  STECGs  but  for  other 
types  of  STECGs  also. 

The  set-up  for  our  latest  system  is  described  in  Section  2,  along 
with  the  components  of  the  model  used  to  simulate  environmental 
effects.  Results  from  numerical  simulations  and  thermodynamic 
analysis  are  presented  in  Section  3.  It  is  found  that  solar  efficiency 
is  strongly  dependent  on  wind  velocity,  while  electrical  efficiency 
is  strongly  dependent  on  solar  insolation.  In  other  words,  solar 
insolation  and  wind  velocity  play  an  important  role  in  the  system 
efficiency  of  STECG  systems.  Our  model  provides  a  useful  means 
for  assessing  suitable  sites  for  installing  STECGs  to  obtain  optimal 
performance  and  thereby  stimulate  further  development  and 
increased  production  to  promote  rapid  commercialization  of  these 
types  of  solar  thermal  generators. 

2.  Structure  and  basic  thermodynamics  theory  of  system 

Fig.  1  shows  the  pilot  set-up,  which  comprises  10  TEMs  array 
with  a  parabolic  trough  concentrator  but  without  evacuated  tubu¬ 
lar  collectors.  The  representative  parameters  of  the  STECG  and 
TEMs  are  listed  in  Table  1  [28,29].  TEMs  are  sandwiched  in  solar 
selective  absorber  (SSA)  plate  (A1  alloy  plate  coated  with  SSA) 
and  cold  tank,  for  power  generation.  The  hot  conjunction  of  TEMs 
is  attached  tightly  to  the  reverse  side  of  SSA  fin,  which  faces  to  the 
PTC.  The  hot  conjunction  of  TEMs  is  attached  tightly  to  the  reverse 
side  of  SSA  fin,  which  faces  to  the  PTC.  While  the  cold  conjunction 
of  TEM  is  bonded  tightly  to  the  cold  tank  oriented  directly  to  the 
sky.  And  sandwich  structure  is  directly  positioned  on  the  focal  axis 
of  the  PTC.  The  SSA  is  heated  by  focused  solar  energy,  transmitting 
heat  to  the  TEM  through  the  A1  alloy  fin  of  SSA,  and  the  cold  water 
tank  chills  the  cold  conjunction  of  TE.  Consequently  temperature 
difference  between  the  two  sides  of  the  TEMs  is  assured  and  it  gen¬ 
erates  thermo-electrical  motive  force  through  TEMs.  Meanwhile, 
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Fig.  1.  Schematic  diagram  of  a  prototype  cogeneration  STECG,  consisting  of  a  sandwiched  structure  of  SSA,  TEMs  and  heat  sink  fixed  along  the  focal  axis  of  the  PTC.  The  right- 
hand  side  shows  a  magnified  view  of  the  cross  sectional  view  of  the  solar  collector  with  sandwiched  structure,  in  which  a  TEM  is  directly  bonded  onto  the  SSA. 


Table  1 

Geometrical  and  physical  parameters  of  the  STECG  system. 


aT  [21 

£r [28] 

SAg  [2? 

Sa,  [29] 

L(m) 

D  (m) 

dM  (m) 

fref  [29] 

Number  of  TEMs 

ZTm 

0.94 

0.05 

0.02 

0.07 

2 

0.06 

0.025 

0.92 

10 

0.64 

the  water  in  the  tank  is  heated,  even  if  TEM’s  thermal-to-electrical 
conversion  is  lower  than  10%.  The  produced  hot  water  can  be  used 
to  store  the  residual  energy.  However,  the  removing  of  the  evacu¬ 
ated  tube  from  the  system  means  the  TEM  arrays  are  exposed 
directly  to  the  environment.  This  greatly  alters  the  efficiency  of 
the  power  generation  system  depending  on  changes  of  environ¬ 
mental  factors,  such  as  solar  insolation,  wind  velocity,  ambient 
temperature  and  other  weather  conditions  (precipitation  and 
etc.).  To  analyze  the  thermal  loss  and  efficiency  of  this  prototype 
STECG,  we  developed  a  model  to  simulate  the  effects  of  different 
weather  conditions  by  considering  the  overall  energy  balance 
and  heat  transfer.  The  single-node  temperature  model  (Fig.  2(a)) 
and  equivalent  thermal  network  (Fig.  2(b))  used  for  this  purpose. 
And  those  are  schematically  shown  in  Fig.  2.  This  diagram  shows 
that  the  solar  energy  ( Qsoiar )  is  absorbed  on  the  SSA,  meanwhile, 
converted  into  thermal  energy  ( Qtherm )•  The  collected  solar  thermal 
energy  by  SSA  is  divided  in  two  thermal  circuit:  one  part  of  the 
energy  is  utilized  to  generate  power  {Qje)  by  TEMs  and  finally  heat 
the  circulating  water  in  the  cold  tank  (Qu);  other  part  is  finally 
dispersed  to  the  atmosphere,  namely  the  waste  heat  ( Qioss ), 


through  radiation  heat  transfer  between  SSA  and  PTC,  and  wind 
heat  transfer  between  SSA  and  environment. 

To  estimate  the  effects  of  environmental  factors  on  the  conver¬ 
sion  efficiency  of  the  newly  designed  STECG,  the  following  assump¬ 
tions  were  made  25,30] : 

(1)  The  system  instantaneously  reaches  steady  state  during  the 
heat  transfer  process; 

(2)  Thermal  and  radiation  properties  of  the  system  elements  do 
not  depend  on  temperature; 

(3)  The  parameters  of  the  TEM  are  uncorrelated,  which  include 
Seebeck  coefficient,  electrical  conductivity  and  thermal  con¬ 
ductivity  of  thermocouple  materials; 

(4)  Temperature  difference  in  Al  plates  along  the  axis  of  PTC  is 
negligibly  small,  thus  conduction  heat  transfer  is  not 
considered; 

(5)  For  large  concentration  ratio  of  used  PTC,  the  aperture  diam¬ 
eter  is  far  beyond  the  thickness  and  width  of  the  SAS/A1  alloy 
plate. 


(a)  (b) 


Fig.  2.  (a)  Single-temperature-node  model  used  in  system  thermal  analysis;  and  (b)  the  overall  equivalent  thermal  network  of  the  system. 
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2.1.  Solar  energy  absorbed  on  the  SSA 

The  total  solar  thermal  energy  (Qsoiar)  gathered  at  the  SSA  is 
expressed  as 

Qsolar  —  I  A troughfref^T  —  1  f  ref  ApGCjC  =  I  f  rejr(Xj(d  X  L)C  (1) 

where  I  is  solar  radiation  intensity;  Atrough  is  the  aperture  cross-sec¬ 
tional  area  of  the  PTC  mirror;  fref  is  the  reflection  factor  of  the  PTC; 
otT  is  the  solar  absorbance  of  the  SSA;  Ap  is  the  area  of  the  SSA;  C  is 
the  concentration  ratio  of  the  STECG  system  defined  by  APIAtrough‘,  d 
is  the  width  of  the  SSA;  and  L  is  the  length  of  the  SSA. 

22.  Thermal  losses 

Through  radiation  heat  transfer  and  convective  heat  transfer, 
the  solar  energy  collected  is  partially  dispersed  into  the  atmo¬ 
sphere.  Based  on  the  temperature  node  model  illustrated  in 
Fig.  2,  we  used  a  simple  correction  to  the  approximate  equation 
described  in  solar  engineering  book  [31  ]  to  obtain  the  heat  transfer 
coefficient  of  the  system  as  follows  [26,27]: 

(1 )  The  radiation  heat  exchange  factor  between  the  SSA  and  col¬ 
lecting  mirror,  through  the  temperature  of  SSA  (Tp)  and  the 
temperature  of  collecting  mirror  (Ttro),  is  expressed  as  [31] 

hr,p-tro  —  tT£l:(Tp  +  Ttw)(Tp  +  Ttro)  (2) 

where  o  represents  radiation  constant,  namely,  the  Stefan- 
Boltzmann  constant  (5.67  x  10-8W/m2I<4),  sE  is  effective 
emissivity,  given  by 

1/fiE  =  (1/fir)  +  (l/£m)  -  1  (3) 

where  sT  is  emissivity  of  SSA,  and  £m  is  emissivity  of  PTC 
mirror. 

(2)  The  radiation  heat  exchange  factor  between  the  A1  alloy  plate 
side  and  environment  ( hr,Ai-aX  can  be  given  through  A1  alloy 
plate  temperature  {TAi)  and  environment  temperature  (Ta) 

hr,Ai-a  =  &£ai(Tai  +  )(Tai  +  Ta)  (4) 

where  sAi  is  A1  emissivity.  A1  plate  side  is  relatively  thin  (dA[). 
Thus  the  temperature  of  A1  plate  side  with  equal  length  of  L 
and  area  of  Aa[  =  dA[  *  L,  can  be  equal  to  Tp. 

(3)  The  convective  heat  exchange  factors  between  the  SSA  and 
surroundings,  and  between  A1  plate  side  and  environment 
are  represented  by  the  empirical  formula  [31] 

hw  1  3.7  +  3.8vwind  (5) 

where  vwind  is  the  wind  velocity  in  m/s. 

(4)  Some  portion  of  thermal  loss,  such  as  radiation  heat 
exchange  between  the  sink  and  sky,  and  radiation  heat 
exchange  between  lateral  faces  of  the  module  and  the  sur¬ 
roundings,  are  negligible  compared  with  the  above  heat 
transfer  losses.  When  the  system  is  in  steady  state,  the  tem¬ 
perature  of  the  PTC  mirror  should  be  constant  and  is  approx¬ 
imately  equal  to  the  ambient  temperature,  Ta. 

Thus  the  energy  loss  Qioss  can  be  expressed  as 

Qioss  ~  hr,p-troAp(Tp  —  Ttro)  +  hwAp(Tp  —  T a)  +  2hriAl-aAAi(T Ai  —  Ta) 

+  2  hwAA[(TAi  —  T  a)  (6) 

The  energy  conservation  equation  of  the  system  thus  becomes 

Qsolar  ~  Qioss  "T  Qtherm  (2) 

2.3.  Thermal  resistances 

In  the  STECG  system,  the  temperature  difference  between  the 
SSA  plate  and  the  tank  results  in  thermal  diffusion.  The  thermal 
power  Qtherm  is  thus  given  by 


Qtherm  ~  (Tp  Ta)/R  (8) 

Here  R  is  the  thermal  resistance  between  the  SSA  of  the  A1 
plates  and  water.  Qtherm  is  consumed  for  both  TEM  conversion 
and  heating  of  the  cooling  water  in  the  tank.  Qtherm  is  a  significant 
energy  to  evaluate  the  system  performance  of  a  STECG. 

The  main  resistances  which  affect  the  efficiency  of  the  system 
are  RAh  the  thermal  resistance  of  an  A1  plate  bonded  on  the  SSA; 
Rte,  the  thermal  resistance  of  the  TEM  component;  and  fy,  the  ther¬ 
mal  resistance  of  the  cold  tank.  R  can  thus  be  rewritten  by 

R  =  Rai  +  Rte  +  Rf  (9) 

The  calculated  thermal  resistance  values  used  in  this  study  are 
summarized  in  Table  2  (Support  information). 

2.4.  Solar  conversion  efficiency 

As  mentioned  earlier,  the  collected  solar  thermal  energy  at  the 
SSA  (Qtherm)  is  utilized  to  generate  electricity  in  TEM  and  to  heat 
water  simultaneously.  The  efficiency  of  utilizing  solar  thermal 
energy  in  this  way  is  given  by 

flsolar=Q.therm/IdLC  (10) 

where  the  thermal  power  Qtherm  utilized  by  the  system  is  given 
approximately  by  Eqs.  (6)  and  (7). 

2.5.  Electrical  conversion  efficiency 

The  thermal  energy  of  electricity  generated  by  the  TEM,  QTEl  can 
be  obtained  from  the  Peltier  effect,  heat  transfer  process  and  the 
Joule  effect  [16]  according  to 

QTE  =  SrcTH  +  K(TH-Tc)-^l2cRe  (11) 

The  heat  transfer  components  in  a  TEM  are  complex  and  inter¬ 
related,  especially  the  Peltier  heat,  Seebeck  heat  and  Joule  heat. 
Thus  Qte  is  difficult  to  calculate  from  Eq.  (11).  However,  Qtherm  is 
not  dissipated  through  A1  alloy  plate,  so  QTE  can  be  equal  to  the 
solar  energy  collected  by  the  SSA,  i.e.,  QTE  =  Qtherm- 

According  to  the  text  book  on  thermo  electricity  16],  the  TEM’s 
thermoelectric  conversion  efficiency  is  given  by 

rjTE  =  (Th  -  Tc)  ( VI  +  ZTm  -  1 )  /Th  ( ^1  +  ZTm  +  Th/Tc)  (12) 

where  TM  =  (TH  +  Tc)/ 2.  In  Eq.  (14),  the  Joule  heat  generated  in  the 
TEM  is  already  taken  into  account. 

Th  and  Tc  are  easily  obtained  from  equations  describing  heat 
conduction  in  the  system  by: 

Th  =  Tp  -  RaI Qtherm  or  TH  =  Ta  +  (Rf  +  Rte) Qtherm  (13) 

Tc  =  Tp  -  ( RAi  +  Rte)  Qtherm  or  Tc  =  TaT-  Rf  Qtherm  (14) 

The  electrical  efficiency  of  the  STECG  can  be  expressed  as  the 
percentage  of  the  generated  electrical  energy  and  the  total  inci¬ 
dence  of  solar  energy  on  PTC, 

tlele  =  Q.TEtlTE/IdLC  (15) 

3.  Simulation  results  and  discussion 

Based  on  the  equations  related  to  solar  heat  conduction  and 
thermodynamic  equilibrium  theory  discussed  above,  the  effects 


Table  2 

Thermal  resistance  values  (K/W)  used  in  modeling  the  STECG 
system. 


Rai 

Rte 

Rf 

0.002 

0.65 

0.02 
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of  environmental  factors  such  as  solar  intensity,  environmental 
temperature,  and  wind  velocity  on  the  efficiency  of  STECGs  with¬ 
out  evacuated  tube  and  the  associated  thermal  losses  of  the  proto¬ 
type  system  were  investigated.  Because  solar  thermal  energy  is  a 
form  of  “low-grade  (high  entropy)”  energy,  a  larger  concentration 
ratio  is  commonly  used  to  enhance  the  collected  energy  for  higher 
temperature  usage.  A  comprehensive  examination  of  the  TEM  per¬ 
formance  and  applicable  temperatures  is  required  before  deter¬ 
mining  whether  such  technology  is  necessary  or  not. 

Fig.  3  shows  the  electrical  efficiency  and  the  SSA  temperature  at 
different  concentration  ratios  for  the  TEMs  with  ZT  =  0.64,  a  solar 
insolation  of  1000  W/m2,  wind  velocity  of  2.5  m/s,  and  ambient 
temperature  of  296  K.  When  the  concentration  ratio  is  larger  than 
100,  the  temperature  of  the  SSA  exceeds  1000  K,  suggesting  very 
good  performance  can  be  achieved.  High-temperature  thermoelec¬ 
tric  materials  such  as  SiGe  and  compound  oxide  which  is  consid¬ 
ered  as  suitable  for  the  use  above  1000  K,  can  be  chosen  [32,33]. 

To  determine  the  optimum  TEM  performance,  the  concentra¬ 
tion  ratio  value  was  set  at  100  as  a  favorable  value  for  the  present 
simulation  with  single  axis  tracking  system.  For  a  static  concentra¬ 
tor  with  no  tracking,  however,  the  maximum  concentration  ratio  is 
used  to  be  limited  about  10.  When  single-axis  tracking  is  intro¬ 
duced,  a  concentration  ratio  of  100  can  be  achieved,  but  for  values 
greater  than  this  dual-axis  tracking  systems  are  required  [34]. 

The  influence  of  environmental  factors  on  system  operation 
conditions  were  examined  by  simulating  thermal  loss  trends,  elec¬ 
trical  efficiency  and  solar  efficiency  using  three  environmental 
parameters,  namely  solar  insolation,  ambient  temperature  and 
wind  velocity.  Weather  data  for  Guangzhou  (112°E  and  22°N) 
was  used  as  input  to  the  simulation  program.  Details  of  this  data 
are  provided  as  Supporting  information.  According  to  the  weather 
data,  the  simulation  results  can  be  adapted  to  use  in  Guangzhou  or 
similar  climate  area.  For  each  simulation,  only  one  environmental 
parameter  was  varied  while  the  others  were  held  constant.  Numer¬ 
ical  analysis  was  performed  using  the  thermodynamic  model 
above  discussed  constructed  by  combining  the  energy  conversion 
equation  and  heat  transfer  theory. 


3A.  Effects  of  solar  insolation 

The  effect  of  solar  insolation  on  the  thermal  loss,  electrical  effi¬ 
ciency  and  solar  efficiency  are  shown  in  Figs.  4  and  5.  Solar  insola¬ 
tion  was  varied  from  0  to  1200  W/m2,  while  temperature  and  wind 
velocity  were  kept  constant  as  Ta  =  293  K  and  vwind  =  2.5  m/s. 

Fig.  4(a)  shows  that  the  SSA  temperature  (Tp)  increases  linearly 
with  increasing  solar  insolation  within  the  designated  range.  The 
thermal  loss  increases  quickly  with  increasing  of  solar  insolation 
because  it  varies  as  a  function  of  the  fourth  power  of  Tp,  as  seen 


Fig.  4.  (a)  The  temperature  of  the  SSA  (Tp)  and  (b)  thermal  loss  and  solar  efficiency 
as  a  function  of  solar  insolation. 


Fig.  5.  The  green  line  is  the  electrical  efficiency  vs  solar  insolation,  and  red  and  blue 
lines  are  the  TEM’s  temperature  of  the  hot  and  cold  side  vs  solar  insolation, 
respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


Concentration  ratio 

Fig.  3.  Electrical  efficiency  and  temperature  of  the  SSA  ( Tp )  for  different  concen¬ 
tration  ratios,  when  the  TEMs  of  ZT  =  0.64,  a  solar  insolation  of  1000  W/m2,  wind 
velocity  of  2.5  m/s,  and  ambient  temperature  of  296  K. 


in  Fig.  4(b).  As  the  solar  insolation  is  less  than  600  W/m2,  the  incre¬ 
ment  of  the  thermal  losses  is  very  slow  with  increasing  solar  inso¬ 
lation,  but  after  solar  insolation  reaches  a  value  around  600  W/m2, 
the  thermal  losses  increase  rapidly.  The  solar-to-thermal  conver¬ 
sion  efficiency  decreases  from  66.66%  to  63.28%  with  an  increase 
in  solar  insolation  as  a  result  of  thermal  losses  increasing  from 
19.82%  to  23.23%. 

A  temperature  difference  across  two  sides  of  the  TEM  enables 
the  system  to  generate  electricity.  It  can  be  seen  from  Fig.  5  that 
both  Th  and  Tc  increase  when  solar  insolation  sufficiently  increase. 
However,  the  augment  of  TH  is  greater  than  that  of  Tc,  thus  the  tem¬ 
perature  difference  between  TH  and  Tc  also  increases  and  this 
results  in  a  significant  increase  in  electrical  efficiency,  from  1.25% 
to  5.68%,  as  seen  in  Fig.  5.  Our  model  thus  indicates  that  as  solar 
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insolation  increases,  electrical  efficiency  increases  significantly 
while  the  solar-to-thermal  efficiency  decreases  slightly  as  in 
Fig.  4b.  The  optimal  concentration  ratio  needs  to  be  determined 
to  achieve  a  suitable  balance  between  these  two  characteristics 
of  the  system  to  design  a  high  performance  STECG  system. 

The  dissipated  thermal  energy  also  increase,  however,  the  rate 
of  augment  in  electrical  energy  production  is  greater  than  the  rate 
of  augment  in  dissipated  thermal  energy.  Thus,  improving  electri¬ 
cal  power  output  and  electrical  efficiency  can  be  promoted  by 
enlarging  solar  insolation  intensity.  In  practice,  STECG  perfor¬ 
mance  can  be  improved  by  addition  of  an  effective  waste  heat  aux¬ 
iliary  module  or  improvement  in  the  concentration  ratio  for 
operation  at  night  or  under  less  powerful  solar  insolation 
conditions. 


Eqs.  (5)  and  (6)  indicate  that  the  variation  of  solar  efficiency  and 
electrical  efficiency  as  a  function  of  ambient  temperature  are  not 
straightforward.  However,  our  simulation  results  demonstrate  that 
changes  in  ambient  temperature  should  not  have  a  significant 
effect  on  STECG  efficiencies.  The  result  could  be  caused  from  the 
small  range  of  defined  ambient  temperature,  and  can  be  true. 

3.3.  Effects  of  wind  velocity 

Forced  convection  heat  transfer  between  air  and  the  SSA  occurs 
when  wind  blows  across  the  surfaces  of  the  SSA.  Fig.  8(a)  shows  the 
wind  velocity  dependence  of  Tp  of  our  STECG  system  for  different 
wind  velocities  varying  from  0  to  12  m/s  under  solar  insolation 


3.2.  Effects  of  environmental  temperature 

The  dependence  of  Tp,  thermal  losses,  and  solar  efficiency  of  the 
STECG  system  on  an  ambient  temperature  ranging  from  273  K  to 
313  K  are  shown  in  Fig.  6(a)  and  (b),  while  solar  insolation 
(1000  W/m2)  and  wind  velocity  (2.5  m/s)  were  constant.  With 
increasing  ambient  temperature,  Ta,  Tp  slowly  increases  to 
963.5  K  (Fig.  6(a)).  As  the  radiation  heat  transfer  coefficient  and 
convective  heat  transfer  coefficient  are  directly  proportional  to 
the  cubes  of  Tp  and  Ta,  respectively  as  seen  in  Eqs.  (2)  and  (4), 
the  thermal  losses  naturally  increase  with  increasing  temperature. 
Fig.  6(b)  shows  that  thermal  losses  change  slightly  with  different 
ambient  temperatures.  At  Ta  =  273K,  thermal  losses  are  21.48%, 
and  when  Ta  =  313  K,  thermal  losses  are  21.86%.  Solar  efficiencies 
also  slightly  decrease  with  increasing  ambient  temperature  in 
the  range  of  63.12-62.74%  in  response  to  the  small  increase  in 
thermal  losses.  The  temperature  difference  between  TH  and  Tc  is 
almost  constant  with  increasing  ambient  temperature  due  to  the 
simultaneous  increase  of  TH  and  Tc,  as  seen  in  Fig.  7.  Electrical  effi¬ 
ciency  thus  decreases  only  slightly,  in  the  range  of  5.46-5.12%. 
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Fig.  6.  (a)  The  temperature  of  the  SSA  (Tp)  and  (b)  thermal  losses  and  solar 
efficiency  as  a  function  of  ambient  temperature. 


Fig.  7.  The  green  line  is  the  electrical  efficiency  vs  ambient  temperature,  and  red 
and  blue  lines  are  the  TEM’s  temperature  of  the  hot  and  cold  side  vs  ambient 
temperature,  respectively.  (For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Fig.  8.  (a)  Thermal  losses  and  temperature  of  the  SSA,  Tp,  as  a  function  of  wind 
velocity,  (b)  The  green  line  is  the  electrical  efficiency  vs  wind  velocity,  and  red  and 
blue  lines  are  the  TEM’s  temperature  of  the  hot  and  cold  side  vs  wind  velocity, 
respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 
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STECG  under  realistic  conditions.  By  combining  our  model  with 
careful  analysis  of  experimental  data  taken  from  STECGs  under  dif¬ 
ferent  climates,  it  should  be  possible  to  select  the  most  suitable 
sites  and  arrangement/orientation  to  gain  the  optimum  perfor¬ 
mance  from  the  system. 
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Appendix  A.  Supplementary  material 


Fig.  9.  The  green  line  is  the  electrical  efficiency  vs  wind  velocity,  and  red  and  blue 
lines  are  the  TEM’s  temperature  of  the  hot  and  cold  side  vs  wind  velocity, 
respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  http://dx.doi.Org/10.1016/j.enconman.2014. 
06.010. 


of  1000  W/m2  and  ambient  temperature  at  296  K.  As  expected,  the 
temperature  of  the  SSA  decreases  with  increasing  wind  velocity; 
for  example,  when  the  wind  velocity  is  12  m/s,  Tp  decreases  to 
751.75  K.  This  is  because  forced  convection  heat  transfer  increases 
with  increasing  wind  velocity,  and  as  a  consequence  Tp  decreases 
mainly.  An  increasing  convection  heat  transfer  coefficient  and  radi¬ 
ation  heat  transfer  should  result  in  increasing  thermal  losses,  lead¬ 
ing  to  the  reduction  of  the  solar  energy  efficiency  values  presented 
in  Fig.  8(b).  For  example,  when  the  wind  velocity  is  12  m/s,  the 
thermal  loss  and  solar  efficiency  are  significant  at  43.49%  and 
42.98%,  respectively. 

The  temperature  difference  across  two  sides  (hot  and  cold)  of 
the  TEM  and  TH  rapidly  decrease  with  increasing  wind  velocity  as 
shown  in  Fig.  9.  Due  to  the  interdependence  of  electrical  efficiency 
and  temperature  of  the  TEM,  electrical  efficiency  decreases  from 
6.43%  to  2.98%  with  an  increase  in  the  wind  velocity  from  0  to 
12  m/s. 

Wind  velocity  thus  has  a  large  impact  on  solar-to-thermal  con¬ 
version  efficiency  and  consequently  effect  on  electrical  efficiency 
for  fixed  values  of  solar  insolation  and  environmental  temperature. 
For  the  small  system,  it  can  be  concluded  that  the  addition  of  evac¬ 
uated  tubular  solar  collectors  to  the  system,  as  reported  in  detail  by 
Miao  et  al.  [25],  is  beneficial  for  improving  the  overall  system  effi¬ 
ciency  of  STECGs.  However,  it  will  be  difficult  for  a  long  axial  PTC 
system  to  add  evacuated  tube,  because  it  is  hard  to  find  appropri¬ 
ate  materials  to  brace  sandwich  structures  with  enough  high 
strength  to  avoid  deflection  along  longitudinal  axis.  Coating  of 
the  high  temperature  durable  thermal  insulation  material  could 
be  a  method  to  decrease  the  temperature  of  Al  plate  side. 

4.  Conclusions 

The  results  of  simulations  of  a  solar  co-thermoelectric  generator 
(STECG)  have  been  presented,  constructed  using  a  PTC  and  TEMs 
without  evacuated  tube.  Electricity  and  heat  can  be  supplied 
simultaneously,  and  the  system  is  thus  attractive  as  an  environ¬ 
mentally  clean  and  efficient  co-generation  system  at  low  cost. 
The  results  show  that  the  performance  of  the  system  strongly 
depends  on  environmental  conditions.  The  thermal  losses  of  the 
system  always  increase  with  increasing  solar  insolation,  ambient 
temperature  and  wind  velocity.  However,  their  impact  on  electrical 
and  thermal  conversion  efficiency  is  more  complex.  The  electrical 
efficiency  of  the  system  increases  with  increasing  solar  insolation, 
but  decreases  with  increasing  environmental  temperature  and 
wind  velocity. 

Solar  efficiency  is  significantly  depending  on  wind  velocity,  and 
electrical  efficiency  on  solar  insolation.  These  two  essential 
environmental  factors  decide  fatefully  the  system  efficiency  of  a 
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